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Surface vorticity conditione 
ground plate generated 
Surface vorticity condition: 
side panels generated 
Surface vorticity conditionl 
rear panel generated 
Positions of cylind~r .5 oriented 
vertically upstream of fan intake 
Positions of cylinder '5 oriented 
hurizontally upstream of fan intake 
Positions of cylinder .5 oriented 
obliquely upstream of fan intake 
Direction parallel to axis of symmetry 
of test section and contraction with 
origin at inlet of contraction, 
positive downstream, or origin at 
ducted-fan intake, positive downstream 
Vertical axis with origin on axis of 
symmetry, p~~itive upward 
Horizontal direction in a right-handed 
cartesian coordinate system with 
origin on the axis of symmetry 
Pivot angle of oblique cylinder, 
see Figure 8 
Half angle setting between airfoils, 
see Figure 27 
Horizontal smoke-wire location 
Vertical smoke-wire location, 
see Figure 14 
Grid sOlidity. closed area/total area 
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Subscript 
e 
i 
Definition 
Value at exit of contraction F04 
Value at inlet of contraction F04 
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ABSTRACT 
Peroistent disturbances leading to blade-paBsing 
frequency noise in ground testing of jet engin~s for 
documentation of fan noise, and their control by passive 
flow manipulators, have been the Bubject of reaearch in 
industry and government laboratories for many years. The 
goal of the prescnt research is to identify the sourceS 
of these disturbances and the mechanisms for their 
devclopment, ao well as to establish effective means of 
controlling them. Vorticity from all surfaces and 
isolated objects in the vicinity of the fan intake, 
including the outside surfaces of the fan housing, have 
been identified as the major sources for these 
disturbances. The previously propose~ mechanism based on 
"atmospheric turbulence" is refuted. 
Flow visualization and hot-wire techniques are used 
in three different facilities to document the evolution 
of various types of disturbances, including the details 
of the mean flow and turbulence characteristics. The 
results suggest that special attention must be devoted to 
the design of the inlet and that geometriC modeliug may 
not lead to adequate simulation of the in-flight 
characteristics. While h.oneycomb-type flow manipulators 
appear to be effective in reducing Bome of the 
disturbances, higher pressure drop devices that generate 
adequate turbulence, for mixing of isolated 
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nonunif~rmities, may be necessary to suppre£s the 
remaining disturbances. The results are also applicable 
to the design of inlets of open-return wind tunnels and 
similar flow facilities. 
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Background 
, " 
CBAP'l'ER I 
IN'l'RODUC'l'ION 
In the past decade, the growth of the environmental 
movement has stimulated large research programs aimed at 
noise reduction. An industrial area in which the noise 
problem is ,particularly acute is the airplane industry. 
Both privatle manufacturers and governmental agencies have 
concentratfld their efforts to reduce jet-engine noise. 
Such programs rely heavily on the frequent testing of jet 
engines. Two types of noise measurements have been used 
in the past. The first one consists of performing 
in-flight measurements, i.e., fly-over tests. The second 
approach is the static ground test. Difficulties 
encountered during in-flight tests and the high costs 
associated with them tend to favor ground testing. 
However, significant discrepancies in the noise levels 
between the two methods have been consistently reported 
(see Feiler and Groeneweg, 1977 and Chestnut. 1982). 
The major difference resides in the noise spectra, 
with additional peaks appearing during static testing at 
the so-called blade-passing frequency. The source of 
such discrepancies has been traced to differences in ths 
environment in which the measurements are performed. 
Many sources have been suggested for the disturbances 
leading to these discrepanci~9. The only item of general 
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agreement is that the noise generation mechanism of the 
blade-passing frequency is based on the presence, 
randomly in space and time, of very long concentrated 
vortical disturbances. The source of these disturbances 
remained a subject of controversy although several 
mechanisms had been proposed, such as atmospheric 
turbulence and the so-called ground vortex. Of these, 
atmospheric turbulence seemed to be the one that received 
most of the attention. Hence, the design of inflow 
control devices was generally undertaken in an attempt to 
reduce or eliminate undesirable turbulence rather than 
other "mean-flow" associated disturbances. However, 
numerous studies were encouraged by private industry and 
governme',lt laborator ies (e. g., see Gedge, 1980, Atvars, 
1980 and Peracchio et al., 1981), and the presence of 
various types of disturbances including boundary layers 
in ground tests has been suspected as a contributing 
factor to the higher noise levels. 
Rogers et ale (1980) suggest that the suction of 
boundary layers on the inner wall of the fan duct. in 
addition to inflow control devices, seemed to reduce the 
radiated noise appreciably. Appropriate scaling of fan 
models in wind tunnels was also achieved successfully by 
Dietrich et ale (1977) and Shaw et ale (1977) among 
others. Kantola and Warren (1979) and numerous 
researchers investigated various types of inlet 
turbulence control techniques. Ganz (1980) indicates 
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that fan noise due to atmospheric turbulence is less in a 
ground test than in flight tests. Be concluded that the 
control of atmospheric turbulence in the vicinity of the 
static test stand was not required. In general most of 
these attempts did not lead to a satisfactory or 
consistent solution. For a more complete review of the 
state of this subject, the reader is referred to the 
proceedings of a recent conference sponsored by NASA 
(Chestnut, 1982). 
Objectives 
Based on the results described above, it became 
clear that other sources of disturbances had to be 
identified. The control or suppression of these 
disturban~es can only b~ achieved if their origin is 
clearly r~cognized and their behavior well chara,terized. 
In the meantime, at lIT we have always suspected tnat the 
role of "atmospheric turbulence" as originally proposed 
by Hanson, (1~77) is not significant. In fact the long 
slender vortical disturbances that lead to the 
blade-passing frequency seemed to us as highly unlikely 
to result from the atmospheric boundary layer turbulence. 
The objectives of this work then emerged and evolved in 
two phases of experimentation: 
- The first phase consists of identifying the 
disturbances. The knowledge of their nature would allow 
us to design a "clean" environment, in which controlled 
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disturbances can then be selectively introduced and 
parametric tests of their control conducted. By 
concentrating on one type of disturbance at a time, it 
becomes possible to describe its behavior and obtain 
their characteristics. In spite of the elimination of 
sources of disturbances other than the ones of interest, 
the flow field remains rather complex. This aspect is 
particularly enhanced by the unsteadiness and the 
three-dimensionality of some of these disturbances. The 
number of parameters, ranging from flow conditions to 
inlet geometry, is also a contributing factor. Hence, it 
was felt that conventional pOint measurement techniques 
would not permit accurate or complete description of the 
phenomena under investigation and at the same time cover 
the range of cases relevant to such a study. Therefore, 
global flow visualization was used to roach a significant 
part of the conclusions. Flow visualization allows one 
to quickly develop a qualitative understanding of the 
phenomena, hence becoming a ·ralu4ble tool in diacmosinq 
the various flow conditions. In the first phase of this 
investigation, the various disturbed and undisturbed flow 
conditions are thoroughly documented. 
Careful review of the literature cited before reveals 
that the inlets being used in static ground tests might 
not be optimal for this type of testing. In fact, these 
flight-type inlets are designed to operate in totally 
different conditions, i.e., a different flowfield. 
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Bence, aeveral typea of inlet geometriea are iDveatigated 
here. Finally. varioua typea of flow manipulators, 
including cn actual NASA inflow control device were 
tested. Prom this phaae of the study we concluded that 
vorticity generated at all surrounding surfaces 
(including the outside of the fan houBing) and iaolated 
disturbances such as wakes, that are ingested into the 
inlet, are the major contributors to the development of 
the disturbances. To quantitatively document the latter 
of these mechanisms the experiments of the second phase 
were designed and carried out. 
- The second phase deala with the behavior of 
isolated disturbances through a contraction. Isolated 
disturbances (such as wakes, etc.) are always present in 
the vicinity of ground test facilities. It is therefore 
essential to analyze their behavior as they are convected 
by the mean flow through the inlet. It would be 
interesting to determine whether the infinite contraction 
imposed on the flow suppresses or enhances the various 
types of disturbances. Very little data are available in 
the literature on that topic. It was felt that the study 
of isolated disturbances through a contraction would 
provide valuable information to predict their behavior in 
an actual test configuration. It is indeed easier to 
follow and characterize an isolated disturbance in a 
confined stream undergoing a finite contraction. The 
results obtained from such a study should help in 
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predicting, at least qualitatively, the role of isolated 
disturbances in the flow of a real inlet. ~his phase of 
the study was conducted using standard hot-wire 
anemometry, tendered possible by the nunrandom position 
and occurrence of these artificially introduced 
disturbances. 
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CHAPTER II 
PACILITIES AND TECHNIQUES POR PLOW 
VISUALIZATION EXPERIMENTS 
The facilities ueed for the flow visualization 
experiments will be described in this chapter. These 
facilities conaist of a ducted fan drawing air from a 
low-disturbance environment through various types of 
inlets. Thll description of the low-disturbance chambers, 
as well as the various inlet ~eometries are given in the 
following paragraphs. Means of introducing controlled 
disturbances, as well as wayo of suppressing them, are 
discussed next. Finally, the visualization techniques 
are introduced. 
~nlet Characteristics 
The characteristics of the four inlets used in this 
study are briefly mentioned here. The reader is referred 
~o Appendix A for a complete description of their design 
and construction. 
In order to model the real ground test conditions, a 
scaled-down version of a JTD-IS jet-engine inlet was 
first tested. This inlet, denoted Fo, is geometrically 
similar to the one used in actual testing by NASA. The 
results of the preliminary study led to the deSign and 
construction of a small bellmouth type inlet with a sharp 
edge, denoted -BhB • A modified version of this inlet was 
then tested. This modified inlet, abbreviated -Bm-, is 
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characterized by a Imooth edge. Pinally, a large 
bellmouth-type inlet wa. conltructed. ~hil la.t one, 
·Co·, was actually u.e~ in conjunction with a fifth-order 
contraction and provided controlled contraction of the 
stream prior to entering the test lection. 
Fan Ducts 
The fan duct is made up of two sections of uniform 
plexiglass ducts, i.e., the fan and the exhaust ducts 
(see Figure 2). Air is drawn by a small axial fan 
powered by a 0.06 BP DC motor. Both the fan and the 
motor are suspended in the center of the duct by four 
0.64 cm rods attached to the wall of the plexiglass duct. 
The rotational speed of the fan can be varied in a 
continuous manner up to a maximum speed of 3,800 rpm by 
connecting the motor to a variable DC power supply. In 
the present setup. this is achieved by means of a Variac 
and an AC/DC converter. The mean axial velocity in the 
test section can therefore be adjusted to any desired 
value in the range from 0 to 6 m/sec. The free-stream 
turbulence intensity, thoug~ not measured, was estimated 
from the visualization records to be very low when the 
facility is used in conjunction with the low-disturbance 
control chambers • 
Flow visualization in the test section 16. achieved 
by installing a smoke wire 20 cm ahead of the fan, as 
shown in Figure 2. The details of the smoke wire 
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technique will be discussed later. A 30.5 cm long 
exhaust duct 18 l.ocated downetream of the fan, provlding 
a uniform back pressure and thus increasing the 
efficiency of the fan. 
Low-Disturbance Chamber~ 
During the preliminary study, it became obvious that 
room disturbances have a considerable impact on the flow 
visualization results, and it is therefore necessary to 
control the environment in order to obtain consistent 
results and isolate tbe various ongCling phenomena. 
Two low-disturbance chambers, -No.l ft and -No.2", 
were set up ~.n a largo laboratory during tho first and 
second part of the visualization study, respectively. 
These chambers were positioned ahead of the fan inlet to 
provide controlled flow conditions. 
As shown in ' -'e upper portion of Figure 3, the 
low-disturbance chamber No.1 was like a small room. It 
was set up at the far left side of the laboratory. close 
to the end wall. Dur.ing the first phase of this 
investigation, the laboratory served as a mUltipurpose 
working crea as well as p1:ovid1.ng storage for a large 
amount of heavy equipment. Both the obstructions ahead 
of the chamber and the movements of persons in the room 
were found responsible for the undesirabl€ flow condition 
ahead of the fan inlet (see Chapter rn fOl: more 
details) • 
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Therefore, a second low-disturbanc. chamber, No.2, 
was .stablished in the seoond part of this study. lhe 
chamber is shown schematically in tbe bottom ~f Figure 3 • 
This low-disturbance chamber occupied a .ajor area Qf the 
ll:lboratory. 
The same labontory was then organized to provide 
adequate conditiops for the experiment. Large pieces of 
equipment and obstructions were removed. In addition, a 
partition was raised to separate the rest of the room 
from the actual test area. As a result, undesirable flow 
disturbances were minimized. 
Low-Disturbance Chamber No.1. Figure 4 is a 
schematic of the low-disturbance chamber No.1. It was 
used only during the preliminary study. The overall 
dimensions were 0.98 x 1.4 x 1.71 m. A number of 5.1 x 
10.1 em wooden studs were used to form a frame on which 
heavy weight black velvet materia~ was attached. The 
position of the flow visualization apparatus is also 
shown in Figure 4. The initial camera poaition No.1 was 
set at an arbitary oblique angle with respect to the flow 
direction. How~ver, the exact location of the camera was 
~ot recorded during this preliminary study. The fan 
intake was positioned approximately at the center of the 
front wall. The centerline of the fan duct was about o,e 
meter from ~:e floor and 70 cm from the side walls. The 
wall opposite to the intake was removed to allow easy 
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access during the experiment. All fan inlets, except the 
large bellmouth-type. were documen~.d by flow 
visualization in this facil!ty during the preliminary 
study. 
Low-Disturbance Chamber No.2. In view of the 
resulto of the preliminary experiment, room atmospheric 
conditions such as air conditioning and convection flow 
patterns seen.ed to affect the flow field upstream of the 
intake. In addition, neighboring objects, including the 
presence of the investigator during the experiment, 
contributed to the disturbance of the intake flow. Since 
one of the purposes of this experiment is to manage and 
control undesir8ble disturbances, it is necessary to have 
total control over the upstream flow field. Bence. a 
second low-disturbance chamber was set up to minimize all 
undeE·lred effects. Once a ·clean R environment is 
achieved, controlled disturbances can be introduced in 
the inlet flow field. This approach of decoupling the 
various sources of disturbance present in a real flow 
situation allows one to study specifically the effects of 
various disturbances SUGh as wakeS or surface vorticity 
and develop means of suppressing them effectively. 
The overall dimensions of this chamber are 3.05 x 
4.57 x 2.74 m. The setup used for flow visualization in 
the low-disturbance cbamber No.2 is shown in Figure 5. 
Metal struts are used to construct the frame of the 
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OF POOR QUALITY 
chamber. Maximum spacing between both horizontal and 
vertical members was chosen in order to mi~imize flow 
obstructions. Porous black cloth (100' polyester) is 
tensioned across the top to form the ceiling. The four 
side walls are made out of overlapping cloth panels • 
This particular design allows easy modificati~n of the 
geometry of the "ontrol ch9ber, while providing 
excellent isolation when all panels are down. Wooden 
beams are attached to the lower end of the cloth panels, 
providing the neccesary tension to prevent them from 
swaying during the experiment. 
A right-handed cartesian coordinate system is used 
with its origin on the axis of symmetry at the inlet. 
The x-coordinate is aligned with the axis of symmetry, y 
is oriented vertically and z is in the horizontal 
direction. Therefore, positive x and yare in the 
upstream and upward directions, respectively. The fan 
inlet and duct assembly are positioned approximately at 
the center of th~ chamber's front wall (see Figure 5). 
The centerline of the assembly is 152 cm from the side 
walls and 130 cm above the ground. 
The top view in Figure 5 indicates th~ camera 
positi~ns No.2, No.3 and No.' which correspond to the end 
view, side view and oblique view of the flow, 
respectively. It is clear from this figure that the end 
view and oblique view refer to the flow upstream of the 
inlet, while the side view refers to the flow inside the 
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test section (i.e., fan duct). Both cameros No.2 and 
No.4 were poaitioned ss for as possible away from the 
inlet in orde,r to ovoid any undesirable disturbance due 
to their presence. The offset angle of camero No.4 was 
calculated to be 30 degrees, as shown in Pigure S. With 
the aid of this l~rge chamber, it is possible for the 
experimentator to stay outSide the control room and yet 
be fully capable of operating the cameras through remote 
control circuitry. 
The details of the flow visualization 
instrumentation are presented at the end of this chapter. 
All four types of inlet configurations were documented 
inside the larger chamber No.2 and the results are 
discussed in Chapter IV. 
In both low-disturbance chambers, the fan inlet 
~ssembly can be set up in two waysl a flush-mounted setup 
in which the backing material is touching the inlet, or 
an extended-mounted setup with the fan inlet protruding 
inside the chamber. These various configurations are 
illustrated in Figure 6. 
Isolated-Disturbance Characteristics 
Cylinders of various sizes placed in different 
posi tions were used to genero'!:e isolated disturbances 
upstream of the inlet. Figure; shows the 
characteristics of the wake-disturbance generators. A 
total number of six cylinders was studied. Their 
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diameters are 1.3 cm, 0.6 cm, 5.0 cm and 19.0 cm. The 
length of the cylinders ranges from 17 cm to 109 cm. As 
indicated in Figure 7, cylinder CS was used for the 
extensive investigation. 
Supports and clamps which are necessary to hold the 
cylinder were placed on the -false floor M (a large table 
placed ahead of the inlet, see next section for details). 
Hence, when cylindrical wakes were introduced upstream of 
the fan inlet, there existed also some disturbances 
generated by the supports and false floor. 
Several vertical, horizontal and oblique 
orientations of the cylinders were investigated, as shown 
in Figure 8. The top view and side view are presented on 
';he left and right side of the figure, respectively. 
Both the heavy dots and dash lines represent the 
locations of the wake-generating cylinder. Examples of 
typical cylinder orientations are highlighted by circles 
bearing a code. These codes used to describe the 
,.. 
cylinder orientation are ·W a , ·wa and ·wa , corresponding 
to the vertical, horizontal and oblique positions, 
respectively. A numeral following the letter ·W· 
characterizes the actual x-y-z coordinate. For instance, 
aW3" is a vertical cylinder at x. 45.7 cm (upstream), 
and y • z • 0 (centerline of the fan duct). 
following table is a summary of the different 
configurations. 
The 
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Table 1. Characteristics of Wake-Generating CYlinders 
CYLINDER 
ORIENTATION 
Vertical 
Horizontal 
Oblique 
• x = 
y = 
z = 
NOTATION 
W 1 
W 3 
W 7 
W 1 
W 6 
W 9 
,. 
W 1 
,., 
W 6 
~ 9 
0; 
0; 
0; 
High-Disturbance Conditions 
CAR'l'ESIAN COORDINA'l'E (crn) It 
x 
o 
-45.7 
o 
o 
o 
o 
-22.9; 
H5.2; 
t22.9; 
y 
0 
0 
0 
0 
-30.5 
30.5 
0 
30.5 
-30.5 
-45.7; 
t30.5; 
U5.7 
z 
0 
0 
-22.9 
0 
0 
0 
0 
0 
0 
-53.3; 
In both phases of the flow visualization 
experiments, the centerline of the fan duct was 
relatively high above the floor of the laboratory. The 
reader can refer back to Figures 4 and 5 showing the 
centerlines of the fan duct at 7 and 8.5 times the duct 
diameters above the ground in chamber No.1 and No.2, 
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respectively. One of the goals of the study is to verify 
that the ground serves as a vorticity source. A -false 
floor" is formed by placing a ground plate underneath the 
fan intake. In the preliminary study, a 90 x 120 om 
plate was used for that purpose. The results indicated 
that the ground vortices are not energetic unless the 
ground plate is sufficiently close to the inlet. 
Therefore, in the second phaae of the study, a 152 x 60 x 
76 cm table is often positioned upstream of the fan 
inlet, as shown in Figure 9. The distance from the table 
top to the centerline of the fan duct is 3.5 times the 
duct diameter (i.e., 53.3 cm). When isolated 
disturbances are introduced upstream of the inlet, clamps 
and stands are placed on the ground plate to secure the 
wake-generating cylinder in place. Therefore. in 
addition to isolated disturbances, a small amount of 
surface vorticity was present. Figure 9(b) is a side 
view showing the relative pOJition of a vertical cylinder 
placed on the ground plate, upstream of the fan intake. 
Flow Manipulators 
Five different flow control devices are used in the 
flow visualization experiment in an attempt to alter or 
suppress the incoming disturbances. Some of these flow 
manipulators have already been studied in detail (see 
Ahmed et al., 1976). The mesh Size, thickness, diameter 
and geometry of the various honeycombs are tabulatea in 
,-
i 
< 
" 
, ( Figure 10. 
~he ll~-type honeycombs are plane, with a circular 
cross-section. Pour different combinations of diometer 
and thickness are coded by letters -J-, -Ka , -P- and ·on. 
~he letter -N a is reserved to designate the dome-shaped 
honeycomb used at NASA Lewis Research Center (see Mc 
Ard1e, et 01., 1980). A number is added to the l~tter to 
encode the position of the flow control device with 
respect to the fan. ~he higher the number, the shorter 
the distance between the fan and the honeycomb, as 
illustrated in Figure 2. Figure 11 is a schematic 
drawing showing the positions of the flow control 
devices. ~he lIT-type honeycombs are usually placed 
inside the fan duct after the contraction. The distance 
between the flow manipulators and the fan can be varied 
(see Wigeland et a1., 1979, for more detail on the 
poaitioning of honeycombs). 
These flow control devices were documented with all 
four different inlet configurations. However, due to 
physical limitations, only the flight-type and the small 
bellmouth-type inlets were tested witb the NASA ICD No.3. 
Combinations of inlets, test flow conditions. flow 
manipulators and their arrangements are summarized in 
Figure 12. The codes corresponding to the different 
cases are described earlier in this chapter and are used 
consistently throughout the rest of the chapters. 
Details of the teat flow conditions are discussed in 
, I.J .,','"~" .. -'.' ... ' ... ' ... ' ---- --,,- -
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Chapter IV. 
Smoke Visualization and Photographic Techniques 
During the preliminary study, both conventional 
smoke visualization and the lIT smoke wire technique were 
employed. The former technique is described in Chapter 
III and the later one is discussed in this section. In 
the second phase of the investigation, extensive flow 
visualization wae conducted using the lIT smoke wire 
technique which was introduced by Corke, Koga, Drubka and 
Nagib (1977). This technique allows the introduction of 
a sheet of discrete streak1inea at any desirable location 
in the flow field of interest. A brief description of 
the principle and operation is given in the following 
paragraph. 
The smoke-wire unit consists of two parts: the 
portable support for the 0.1 mm diameter wire and the 
control box. The wire can be coated with a series of oil 
droplets by various methods. For a vertical wire, 
pressure is applied to the oil reservoir to release a 
small drop of oil which slides along the wire due to 
gravity, leaving a string of minute droplets resulting 
from a capillary instability. In the case of a 
horizontal or any other shaped wire, a traversing 
meclanism can be used to wet the wire wi~h a thin coat of 
oil. Bowever, in an open facility coating tbe wire with 
oil manually is often more efficient in the later case. 
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A DC voltage il tben applied to the wire. Due to 
the reaiative beating, tba oil dropletl vaporize and a 
Iheet of dilcrete Imoke l,treakUn.1 iI ,'mitted from the 
wir". '1'he intenlity of the amoke can be adjusted by 
varying the voltage acro~s the wire. '1'0 enaure quality 
photographs of the vilualized flow field, a control box 
is used in connection with the amoke wire. It allows the 
':lser to control accurately the time required for the 
~mnke to be convected into the field of view bafore a 
picture is token, and to disable the cmmera triggering 
circuitry once the sheet of smoke leaves the field of 
view. 'l'he proper sequencing of operations is performe~ 
by a cascade of timing-integrated circuits and 
solid-state logic circuitry. 'l'he outputs of the 
synchronization box allow direct interfacing with either 
a camera motor drive or the trigger of a strobe light or 
combination of these devices. '1'he timing circuitry can 
also be bypassed to enable recording of the visualized 
flow field in continuous lighting through a video camera 
and recorder. '1'hi3 latter option is particularly useful 
for diagnostic purposes and was used extenSively in the 
early stages of this study. It also presents the 
advantage of depicting clearly the dynamiCS of the 
unsteady flow field whicb are particularly bard to 
capture with instantaneous realizations. 
Both the hn rizonta1 and vertical smoke wire 
orientations were used during the preliminary 
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smoke wire with respect to the fan inlet which was set up 
in chamber No.1. The detailed descriptions of the 
low-disturbance chamber No.1 is presented earlier in this 
chapter. The horizontal smoke wire was placed &arallel 
to the centerline of ~he fan duct, 2.5 cm below the 
inlet. At 1.5 cm upstream of the inlet, the vertical 
smoke wire was positioned off center, 2.5 cm to the right 
side of the inlet. Figure 14 describes the smoke wire 
orientations in low-disturbance chamber No.2. Only the 
vertical smoke wire is used in this case at various 
upstream positions, both on and off the centerline of the 
fan duct. In addition, a vertical smoke wire was 
installed in the fan duct, 19.8 cm upstream of the fan, 
see Figure 14(b). 
Various camera positions are a1eo shown in Figure 
14. CamerasNo.2 and No.4 were installed inside the 
low-disturbance chamber No.2 and are used simultaneously 
to obtain instantaneous end and oblique views of the 
upstream flow field. Camera No.3 is used to obtain side 
views of the flow in the test section upstream of the 
fan. In addition, a combination of camera No.2 and No.3 
provides simultaneous recording of both end and side 
views in the test section. 
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CHAPTER I II 
PRELIMINARY VISUALIZATION STUDY 
Flow visua1ization results of the preliminary 
investigation are presented in this chapter. In this 
phase of the study, qualitative information about the 
flow field of various fan inlets was obtained in the 
low-disturbance chamber No.1. 
Two smoke visualization techniques are employ~dl 
the lIT smoke wire which is described in Chapter II and a 
conventiQnal smoke visualization technique. The latter 
consisted of introducing quiescent, slightly heavier than 
air, smoke on a large tray placed upstream of the fan 
inlet in the absence of flow, i.e., before the fan was 
turned on. Once the experiment was initiated, the smoke 
was convected by the flow. Still photographs were used 
to record the smoke pattern marking the various flow 
features. 
The fan inlets investigated in this experiment was 
the flight-type inlet, "Fo·, and the small bellmouth-type 
inlets with sharp edge, "Bh", and with smooth edge, "Bm". 
Descriptions of the different inlet geometries are given 
in Chapter V (see Figure 1). 
Flight-Type Inlet 
Figure 15 shows diff.erent views of the flow field 
ahead of the flight-type inlet. The oblique view of a 
vertical smoke wire which is centered upstream of the 
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inlet f~ shown in Figure l5(a). Tbe core of the flow 
appears to be free of disturbances. Bowever, due to the 
smoke-wire orientation, it is difficult to determine 
whether or not the flow is separated from ~be surface at 
the inlet. In addition, wiggles of the streamlines near 
the walls tend to indicate the presence of a tUL'bulent 
boundary layer Rmassaging· the core from underneath. 
By offsetting the smoke wire to the right side of 
the inlet, it is possible to label the flow close to the 
inlet wall, as shown in Figure lS(b) from an oblique 
1iew. No clear evidence of flow separation at the lip is 
obtained. However, the development of the turbulent 
boundary layer shortly downstream of the lip is clearly 
visible and suggests the occurrence of flow separation. 
Localized strealltli'.Lse vortices can also be observed in the 
upper part of the flow. 
The presence of these localized streamwise vortices 
is clearly illustrated in a side ,.iew (see Figure 15 (c). 
They are characterized by the ·crossingS of streaklines 
when visualized from the side, due to the helical motion 
associated with them. They are highly localized and 
elongated. These vortices appear before the flow entera 
the inlet and can be attributed to the presence of weak 
vortical disturbances in the environment of the inlet 
which are stretched by the flow acceleration and 
tilting. Due to accidental vibration of the horizontal 
smoke wire, the smoke sheet appears as a succession of 
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time lines. Valuable information concerning tbe 
kinematics of the velr.lcity field can be gall.ed from this 
interesting pbotograph. 
Small Bellmoutb-TYpe Inlet 
As a sample of tbe conventional smoke visualization 
technique, the flow field upstream of the Imall 
bellmouth-type inlet'witb a sbarp edge is depicted in 
Figure 16. Shown on the top (Figure 16(a" is a side 
view of the inlet taken at an arbitary time after the fan 
motor w~s started. The time chosen was sufficient to 
allow the smoke to be convected throu9hout the field of 
view. and to reach steady state. 
The smoke merks the air being drawn into the inlet. 
However, the technique does not yield detailed 
information about the entire core of the flow. One can 
also notice the complicated localized smoke pattern at 
the center of the phot~gr8ph. This can be attributed to 
the p.xistence of surface vorticity. The presence of any 
surface in the viCinity of the inlet represents a source 
of vorticity for this sink-like flow. Since the smoke 
was contained in a large tray positioned close to the 
inlet, the vortical structures marked ~ the smoke a:e 
most likely generated on the surface of the tray. 
Shown in Figures 16(b) ~nd (c) are two end views of 
the same inlet (Bh) taken in a time sequence. 
Information revealed in Figure 16(0) correlates well with 
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the phenomena observed in Figure 16(.). Tbe differencea 
in the smoke patterns exhibited in rigures 16(b) and (0) 
are likely due to two factors. First, the disturbanc.s 
abead of the inlet are unsteady. Secondly, the 
conventional smoke visualization tecbnique rftquirea a 
certain time for the smoke to mark a flow structure 
accurately. 
As the disturbancea of interest in this study are 
time-dependent, tbe conventional amoke visualization 
technique presents shortcomings. Consequently, tbe lIT 
smoke wire technique is employed tbroughout the rest of 
the visualization experiments, in dn attempt to alleviate 
the problems described above. 
To illustrate this concept, a similar case has been 
visualized using the smoke wire technique, as shown in 
Figure l7(a). By contrast to Figure l6(b), this picture 
reveals the instantaneous structure of the flow. In 
particular, an energetic streamwise vortex can be 
identified. Stretching and subsequent thinning are 
clearly taking place as the vortex ent.ers the inlet. 
Other three-dimensional disturbances are also present, 
illustrating the complex nature of the neighboring 
environment. 
Based on visualization results not shown here, flow 
separation at the lip is found to occur consistently for 
the small bellmouth-type inlet with sharp edge (Bb). To 
alleviate this problem, this inlet wae modified into one 
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with a smooth edge (Bm). Results obtained from a smoke 
wire stretched across the upper part of this modified 
inlet are presented in Figure l7(b). Inspite of the 
difference in inlet geometries, similar flow modules can 
be identified. However, their intensity is lesser than 
that observed on the ground side of the inlet (see Figure 
l7(a». This reinforcing of the disturbances by the 
presence of a surface in the neighborhood of the inlet 
was consistently obaerved throughout this preliminary 
study, regardless of the type of inlet being tested. 
This trend clearly demonstrates the importance of surface 
vorticity generation in the vicinity of an inlet and 
illustrates the difficulty encountered in designing the 
second low-disturbance chamber. The second chamber was 
planned to provide an envircnment in which surface 
vorticity generation can be kept to a minimum, and in 
turn can be introduced for controlled test conditions. 
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CHAPTER IV 
CLASSIFICATION AND CONTROL OF VARIOUS DISTURBANCES 
IN FLOW OF DIFFERENT INLETS 
The results presented in Chapter III led to the 
design of the low-disturbance chamber No.2. The 
description of this facility has been discussed in 
Chapter II. The study of various types of disturbances, 
as well as their control, in flow of different inlets was 
carried out in this controlled-environment chamber. The 
classification of flow conditions and the results of the 
flow visualization experiments are given in tho following 
sections. 
Classification of Flow Conditions 
Due to the complexity of the flow field ahead of a 
real fan inlet, it is necessary to identify and segrogate 
the various basic flow disturbances. This is made 
possible by placing the inlet in a clean environment in 
which c:ontrolled disturba,nces can then be introduced. 
Three classes of disturbances were )ntified from the 
preliminary study: 
(1) isolated two-dimensional mean velocity 
nonuniformities, or localized ehear layers, 
e.g., wakes, jets, or separted shear layers. 
(2) surface-generated vorticity, including the 
ground, chamber walls and the external 
surface of the fan setup. 
.' 
I 
~,l 
, 
, I 
• I 
i; I 
~ , 
:~ 
"~ 
, I 
, I 
! 
, ! , , 
I 
II 
I' Ii 
\ 
, ' , 
I 
, 
( 
( 
( 
(3) three-dim.nlionel high intenaity vortical 
d18turb,'ncea, made of concentrated 
Itreamwile vorticel. 
In addition to thele three cla.lel, a BcleanB case 
is alway. used as a reference. The lpecified cases 
investigated are .ummarized in Figure 12, under test flow 
conditions. All of these flow conditions were tested 
with all four types of inlets. Descriptions of the inlet 
geometries and arrangements are discussed in detail in 
Chapter II and Appendix A. 
In ar attempt to suppress or attenuate these 
speCific disturbances, various flow control dflvices were 
tested. (A general description of the flo~, control 
devices is given in Chap'~er II). Figure 12 sURUnllrizes 
the combinations of flow inlets, test flow conditions, 
flow manipulators and their arrangements. 
The total number of cases renders a discussion of 
all of the results impossible. Hence, only selected 
samples of the representative cases are presented here. 
These sample photographs are identified by an 
eight-letter-code system. The first two letters refer to 
the type of inlet. The second group of two letters 
indicates the attachment setup. T~st flow conditions are 
identified by the third group. Finally, the flow 
manipulators are characterized by the last group of 
letters. All codes are explained in Figure 12. 
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Results 
To illustrate the trends exhibited in this study, 
the results of selected cases are present~d in the 
following: 
Elight-Type Inlet. Figure 18 shows side views of 
the test-section ahead of the fan for this type of inlet. 
Photographs (a) and (b) correspond to the extended and 
flush attachment setups, respectively, in the presence of 
sources of surface vorticity. The surface vorticity is 
generated by positioning a large table in the vicinity of 
the inlet. The walls of the chamber do not contribute 
~ significant surface vorticity unless some of them are 
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left partially open. The floor of the chamber is also 
sufficiently far from the inlet. Under a controlled low-
disturbance environment, the air is supplied to the 
chamber through the porous material of the walls by t~,e 
pressure difference created by the fan. 
In both setups of Figure 18, the flow is 
characterized by a thick turbulent boundary layer on the 
side wall. These boundary layers, which can be 
attributed to the flow separation at the lip, have been 
considered as significant noise sources (see Hanson, 
1980). This is in agreement with the results obtained 
from the preliminary study. However, the flush setup 
seems to minimize this phenomenon. Elongated streamwise 
vortices can be observed in the core region of the flow. 
28 
~:--, --~-- " .' 
," , 
: j 
; I 
, ~ 
;, i 
, I 
., I 
U 
" i 
" i 
" ! 
.I 
, I 
! 
. , 
, , 
; : 
0" 
I :, 
I 
I 
• 
I ' 
I ; 
, i 
i 
t 
", 
, 
~, . 
I; 
I I, I, 
li=-
The absence of othet types of disturbances confirms that 
these vortices originate from the upstream surface 
vorticity source. 
For the flush setup in a similar flow condition, two 
types of flow control devices were tested. Figure 18(c) 
corresponds to the lIT plane honeycomb with 0.318 em mesh 
size, placed between the inlet and the test section. The 
flow obtained with the NASA hemispherical honeycomb is 
shown in Figur~ 18(d). This flow control device was 
placed upaheam of the inlet. 
Both honeycombs suppress the stretched longitudinal 
vortices in the core of the flow. Some reductio" of the 
boundary layer is obtained with the lIT honeycomb due to 
its position downstream of the reattachment region. It 
is not surprising, however, that no such reduction is 
observed with the NASA honeycomb. The fact that the 
separation took place downstream of the device, was 
expected. 
Sms'l Bellmouth-Type Inlet. Selected results 
obtained with the small bellmouth-type inlet are 
presented in Figures 19, 20 and 21. All three figures 
consist of visualization results in the test section 
viewed from the side (see camera No3 in Pigure 5(a». 
The effects of the inlet mounting arrangement are 
illustrated in Figure 19. The left column «a), (c) and 
(e» corresponds tQ the flush mounted setup, and the 
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right column «b), (d) and (f» corresponds to the 
ext~nded setup. Each row characterizes a different flow 
condition. The low-disturbance case (reference case) is 
shown on the top «a) and (b». The flow appears 
undisturbed for both types of setup and no anomalous 
behavior is observed. 
Surface vorticity is introduced upstream by placing 
a large table in the vicinity of the inlet. The results 
obtained in this case are depicted in the middle row «c) 
and (d». The presence of the elongated streamwise 
vortices is consistent with the results obtained in the 
preliminary study for a similar test flow condition. The 
extended setup might be slightly ·cleaner", but this 
trend would have to be confirmed by quantitative 
measurements. For the flush setup case, the NASA 
hemispherical honeycomb was tested. Photograph (el shows 
its ability in suppressing the longitudinal vortices. 
Figure 20 illustrates the effectiveness of various 
flow control devices in removing two- and 
three-dimensional wakes introduced upstream of the inlet. 
All photogrHphs are taken with the flush mounted setup. 
The left column «a), (c) and (el), corresponds to the 
wake of a horizontal cylinder placed immediately upstream 
of the inlet. The right column «b), (d) and (f», 
corresponds to the presence of a person in front of the 
inlet. In this figure, we try to model cases of isolated 
nonuniform flow disturbances including complex 
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three-dimensional wakes such as the ones commonly present 
in actual fan-testing stands. The photographs shown in 
the top row ((a) and (b» illustrate the resulting flow 
fields. Two of the flow control devices tested are 
presented in the next photographs to highlight the ma1.n 
trends exhibited by the results. 
In the middle row ((c) and (d» an lIT O.32-cm mesh 
size honeycomb is used. The suppression of large-scale 
vortical motions is completed, but small-scale 
quasi-homogeneous turbulence generated by the honeycomb 
is still present in the test section. This lat~er effect 
could be alleviated by allowing a larger distanc! for the 
turbulence decay, by a better ehoice of the mesh size, or 
by the introduction of screens. 
The results obtained with the NASA honeycomb are 
shown in the bottom row ((e) and (f». The disturbances 
are equally suppressed and the large distance between the 
NASA honeycomb and the test section is reflected in the 
absence of small scales. In addition, the free 
contraction of the flow past the NASA honeycomb helps in 
fUrther reducing the homogenous turbulence. 
The performance of the various flow control devices 
was also evaluated in the presence of other high-
intensity disturbances. These results are summarized in 
Figure 21. All photographs were taken in the extended 
setup configuration and the high-level disturbances were 
created by a large household fan blowing in the back of 
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the control chamber (approximately four meters from the 
,:c inlet) • 
The disturbed case is shown in (a) and the flow 
obtained with the NASA hemispherical honeycomb is shown 
I, 
in (b). The larqe-scale disturbances have only been 
partially suppressed. By contrast, the results achieved 
with the lIT plane honeycomb are shown in (c) and (d). 
,\ These two photographs correspond to 0.64 and 0.32 cm mesh 
32 
sizes respectively. The large-scale vorticity is clearly 
inhibited by these devices. The presence of the 
remaining fine scales hes been already explained, and it 
does not constitute a potential problem for blade-passing 
frequency generation. 
Large Bellmouth-Type Inlet Assembled with a 
Fifth-Order Contraction. Figures 22 to 26 show the 
visualization results of the large bellmouth-type inlet 
assembled with a fifth-order contraction. The end and 
the oblique views of the fan inlet are recorded by 
cameras No.2 and No.4 Camera No 3 is used to record side 
views of the test aection ahead of the fan. The reader 
can refer to Figure 5(a) for the camera orientations. 
The end view and the oblique view shown in the same 
column in Fi~ure 22 were recorded simultaneously (i.e., 
(a) and (b), (c) and (d), as well as (e) and (f». More 
precise information can be drawn from simultanecus 
multi-view pictures, since the flow field ahead of the 
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inlet i8 three-dimen8ional and un8teady. 
Figure8 22 (a), (b), (c) and (d) were obtained .in 
the presence of 8urface vorticity. A vertical smoke wire 
was placed at the center of the inlet in the first two 
photographs and at z • 10.2 cm (o~fBet to the right of 
the inlet) in the latter case. Figures 22 (e) and (f) 
are in presence of surface vorticity and a vertical 
cylinder, CS, at position z • 10.2 cm (offset to the left 
of the inlet). A smoke-wire was placed at z • 10.2 cm 
(offset to the right of the inlet). 
Simultaneous end view ahead ot the inlet and side 
view of the test section ahead of the fan are shown in 
Figure 23. The inlet is flush-mounted in all the cases 
here. Figures 23 (a) and (b) were recorded in the 
presence of surface vorticity sources. A vertical 
cylinder, CS, was placed on a largp. table at z • -10.2 cm 
(off set to the left of the inlet) in Figures 23 (c) and 
(d) • 
Side views of the test section ahead of the fan are 
shown in Figure 24 for various types of disturbances. 
The low-disturbance ~ondition shown in Figure 24(a) is a 
typical "clean" flow. The streak lines are evenly spaced 
throughout the flow field. Stretched longitudinal 
vortices of various intensities can be observed in 
presence of different sources of surface vorticity such 
as: a large table in the vicinity of the inlet (Figure 
24(b», and open panels of the control chamber (Figures 
33 
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24 (c) and (d». Distortion of the atreaklines is 
observed in the core of the flow not only when the nearby 
panels of the control chamber are removed (.ee rigure 
24(c», but also when the f&r end panels are open, as 
shown in Pigure 24 (d). 
Pigures 24 (e) and (f) show the flow conditions 
resultir~ from the presence of a complicated structure (a 
chair) in the vicinity of the inlet. Complea flow 
modules are displayed in Pigure 24(e). The effect of the 
lIT honeycomb (M • 0.635 cm) positioned downstream of the 
inlet under the same flow condition is demonstrated in 
Figure 24(f). The resulting flow condition is as ·clean· 
as that obtained in the low-disturbance condition (Figure 
24 (a» • 
Figures 25 and 26 are sample photographs showing the 
flow conditions corresponding to various cylinder wakes 
introduced upstream of the inlet. These wakes are 
typical of two-dimensional isolated disturbances. In 
Figure 25, a vertical cylinder, C5, was placed at two 
different positions along the diameter of the fan duct, 
(Wl and W3, as shown in Figure 8). The intensity of the 
disturbance appears to be proportional to the relative 
distance between the vertical cylinder and the inlet 
(compare Figures 25 (a) and (b». Under flow conditions 
identical to those of Figure 25(a), lIT honeycombs with 
mesh sizes of 0.635 cm and 0.318 cm were placed 
downstream of the inlet. The results are shown in 
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Pigures 25 (c) and (d), respectively. One can easily 
conclude that both honeycombs are equally efficient in 
suppressing the vortical motions. 
Two different orientations of a horizontal cylinder, 
C5, positioned ahead of the fan inlet and the effects of 
a flow control device are shown in Pigure 26. For the 
cylinder orientations W6, W9, W6 and W9, the reader is 
referredto the illustration in Figure 8. The left and 
right column in Figure 26 correspond to a horizontal 
cylinder placed near the bottom and the top of the inlet, 
respectively. Figures 26(a) and (b) correspond to a flow 
condition in which a horizontal cylinder was placed 
parallel to the z-axis. An oblique cylinder, pivoted at 
an angle of 10 degrees off the z-axis is the same as the 
disturbance observed in Figures 26(c) and (d). The 
randomness of the positions of these stretched streamwise 
vortices confirms the unsteadiness of this nominally 
steady flow. Under flow conditions similar to those of 
Figures 26(c) and (d), an lIT honeycomb with a mesh size 
of 0.635 em was inserted in the flow. J2 and J4 refer to 
the two different locations for it between the inlet and 
the fan (see Figure 1 for honeycomb positions). Figures 
26(e) and (f) indicate that the disturbance suppression 
is rather insensitive to these honeycomb positions. 
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CBAP'l'ER V 
PACILITY AND INSTRUMENTATION POR 
VELOCITY MEASUREMENTS 
In this chapter, the facility used in the aecond 
phase of the investigation is described. The wind-tunnel 
characteristics as well as the means of introducing 
selected disturbances are also, examined. Finally, a 
description of tho instrumentation used for the velocity 
m~asurements, as well as a description of the 
experimental procedure is given. 
FacUity 
Wind-Tunnel Characteristicc. The experimental study 
of the behavior of isolated disturbances through a 
contraction was conducted in an open-circuit wind tunnel. 
This tunnel is connected to an lBO-psi compressed air 
line through a series of valves and filters. All the 
connecting pressure lines and filters are acoustically 
insulated. The air first enters a large settling chamber 
lined with acoustic foam. This chamber is equipped with 
a series of flow manipulators (screens, grids, etc.). 
Their arrangement ensures good flow uniformity and a low 
disturbance level. Tbe design of the settling chamber is 
based on the results of Loehrke and Nagib (1972). The 
actual construction and optimization of this settling 
chamber has been reported by Ahmed et al. (1976). The 
flow then passes through a 25:1 contraction before 
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entering the test aection. The teat section consiats of 
a versatile arrangement of 15.4 cm diameter plexiglass 
ducts. The particular configuration used in this study 
consists of two str~ight sections and a 411 contraction. 
A turbulence-generating grid was inaerted at the junction 
between the two pieces of straight ducts. A schematic 
diagram of the test section is given in Figure 27. Also 
shown in this figure is the coordinate system used in 
this part of the investigation. Its origin is located 
along the axis of symmetry of thfl contraction. Thl! 
x-axis is parallel to the test section axia, pOinting 
downstream. The y- and z-axes are defined in the 
cross-sectional plane, y pointirl~ upwards and z defined 
to form a right-handed coordinate system. 
The measurements were ta~en with a hot-wire probe. 
The probe is supported by a three-dimensional traversing 
mechanism, located downstream of the test section. The 
reader is refered to Ahmed et ala (1976) for its detailed 
description. This traversing mechanism allows the 
movement of the probe along the three aXeS, and its 
pOSitioning within 0.2 mm of any desired location. 
Built-in electrical circuitry permits accu:ate 
determination of the probe location. The velocity 
measurements inside the test section were obtained by 
inserting the probe through the downstream end of the 
tunnel. Hence, a low-obstruction probe is used to 
minimize the flow blockage. 
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Contraction Ch4racteriatica. The contrpction uled 
to Itudy the behavior of the diaturbancea in contracting 
Itreams haa a matched-cubic profile. This contraction, 
denoted MC4-100, haa an area ratio of 411 and a 
len\Jth-to-inlet diameter ratio equal to un!t~. The 
matched-cubic profile is actually made out of two cubic 
p~lynomiala matched at the inflection point. In a 
regular cubic profile, the poaition of the inflection 
point is fixed at the mid point between the inlet and the 
outlet of the contraction. The use of a matched-cubic 
profile gives extra flexibility in chOOSing the location 
of the inflection point, resulting in a better 
performance of the contraction. The design, construction 
and testing of such contraction is given by Tan-atichat 
(1980). 
Grid Characteristics. A turbulence generating grid 
is used throughout the study to provide a uniform, 
quasi-homogeneous turbulence background. The grid, 
denoted G2, consists of a 0.04-mm thick Iteel plate 
punched with square holes forming a regular aquare array. 
The grid has ft 2.5-cm mesh aize and is characterized by a 
low solidity ( a • 0.37). To ensure quasi-isotropy and 
homogeneity of the turbulence at the inlet of the 
contraction, a grid-to-contraction distance of 25.4 cm 
was chosen. based on the results of Tan-atichat (1900) 
and Marion (1902). 
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Disturbance Generators 
Three types of disturbances are investigated 1n this 
phase of the studYI wake of a cylinder, wake of a sphere 
and longitudinal vortex. The two- and three-dimensional 
wakes were s~Qdied both on-center and off-center. 
Two 0.7l-cm diameter cylinders were fabricated out 
of plexiglass. For the typical velocity used in the 
experiment (3 mls), the Reynolds number based on the 
diameter is approximately equal to 1500. This size was 
chosen large enough to ensure a turbulent wake, yet not 
too large in order to minimize the flow obstruction in 
the test section. Cl'linder lA has a length of 15.4 cm 
and can be mov.ted along the diameter of the test 
section. The second one, denoted lB, has a length of 
12.4 em, and was machined to fit off-center, 
approximately 3.9 em above the diameter of the test 
section (i.e., r/R(O) • 0.52). 
A 0.73 em diameter sphere was fabricated out of 
wood. It can be mounted on a 0.1 mm stainless steel wire 
that suspended it either on-center or off-center (r/R(O) 
.. 0.52). 
Longitudinal Vortex Generator. A vortex generator 
is to introduce a lonClitudina1 vortex in the center 
of the ~low. It consists of a pair of identical 
NACA-0012 airfoils, hinged at the quarter-chord position. 
The chord length and span of these airfoils are 7.62 em 
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and 6.99 cm, respectively. These airfoils are mounted 
next to each other in the spanwise direction inside a 
15.4 cm long plexiglass duct. Each airfoil can be 
adjusted individually to a~y angle of attack. Two 
gear-reducing mechanisms allow the positioning of the 
airfoils within ten seconds of arc. For the details of 
the design and the construction of this swirl generator, 
the reader is referred to Ahmed et ale (1976). The 
apparatus generates a strong solid-body rotation vortex 
core with an approximately potential outer part. The 
determination of the optimal angles uf attack for 
symmetry and stability of the vortex is necessary. A 
full description of these preliminary measurements is 
given in Appendix B. 
Instr umenta t1 on 
Analog instrumentation is used throughout this 
investigation. A schematic of the instrumentation is 
shown in Figure 28. Two velocity components can be 
simultaneously measured using an x-wire probe. The hot 
! wires are operated in a constant-temperature mode at an 
). overheat ratio of 1.7, using two DISA eTA anemometers. 
The anemometets output are then fed to a pair of 
exponenti~l-type DISA linearizerc. The value of the 
exponent used was determined after calibration of the hot 
wires, and was found close to 2.2. The velocity signals 
are low-pass filtered at 10 kHz using DISA auxilary 
40 
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units, to reduce the electronic noise. Operational 
amplifier sum-and-difference circuitry is then used to 
separate the two velocity components. The output signals 
are constantly monitored on a dual-trace oscilloscope. 
Depending on the type of measurements desired, a digital 
voltmeter or a DISA true-rms-meter are used in 
conjunction with either channel of anemometry. Another 
voltmeter is dedicated to the traversing mechanism, 
indicating either the reference voltage supply or any of 
the outputs of the triaxial position indicator. Velocity 
or rms profiles can be recorded on an B.P. X-Y plotter. 
Experimental Procedure 
All the measurements pertaining to this phase of the 
study were obtained at a constant free-stream velocity of 
3 m/s. In addition, the turbulence-generating grid was 
always placed upstream of tae test section, as described 
in the beginning of this chapter. 
Velocity measurements were obtained for siz 
6ifferent cases. The first one, denoted OA, is il 
reference case, corresponding to the absence of isolated 
disturbances in the flow. The other cases c~rrespond to 
the various types of disturbances. They have been 
denoted lA, 2A, 3A, lA' and 2A' to simplify the 
referencing. The numerals 1, 2 and 3 are attributed to 
the cylinder wake, the spherical wake and the 
longitudinal vortex, respectively. The suffixes, A and 
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A', refer to the on- and off-center disturbance 
positions. Pi9ure 29 summarizes the various cases and 
their labeUn9. 
For each of these six cases, sets of data were taken 
for both the uniform duct case (C • 1) and the 
contraction case (C • 4). In the first case, a section 
of strai9ht duct was mounted in place of the contraction. 
Data acquired in absence of any stream contraction were 
taken in order to clearly discriminate the effects due to 
the presence of the contraction from those due to the 
natural decay of turbulence and the disturoance through 
viscosity. 
Each set of data consists of mean and rms velocity 
profiles of the axial and radial velocity components. 
For each of these quantities, radial profiles were 
obtained at six axial locations, corresponding to X/L of 
-0.33, 0., D.33, 0.67, 1. and 1.33, where L represents 
./' ------~-.~~ 
',,' 
" 
_,.1 
the length of the contraction and x is the downstream '1 
distance measured from the inlet of the contraction. The 
actual measurement stations are shown schematically in 
Fi9ure 27. In addition, two axial profiles were 
obtained, one on-center (r/R(D) • D), and one off-center 
(r/R(D) • D.52). Fo11owin9 the acquisition, all data 
were non-dimensiona1ized by the axial velocity at that 
particular downstream location. The data were also 
compensated for possible drift of the free-stream 
velocity of the tunnel. 
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CHAPTER VI 
DOCUMENTATION OF VELOCITY FIELD OF ISOLATED 
DISTURBANCES THROUGH A CONTRACTION 
In this chapter, the results from the second phase 
of the investigation are reported, starting with the 
presentation of the dato for the reference case obtained 
in absence of any isolated disturbances. The disturbance 
cases are then analyzed. Axial measurements are then 
interpreted and Q brief discussion of the lateral ones 
closes the chapter. Analysis of on-center disturbances, 
i.e., cylindrical wake, spherical wake Gnd longitudinal 
vortex, is delivered prior to 'Jne off-center cases, i.e., 
cylindrical and spherical wakes. Figures 30 to 69 
summarize the large volume of data for the reference case 
and each different test flow condition. Both the 
contraction (C • 4) and the straight duct (C • 1) values 
are depicted on each of the graphs. 
Uniform-Flow Reference Con ~ition ~~~~~~~~~~=.
A reference condition bas been established in the 
absence of any isolated disturbances. The uniform duct 
data were taken to provide a good comparicon basis when 
evaluating the othe. cases. 
For a free-stream velocity of 3 mis, the turbulence 
level at the inlet of the contraction is approximately 
2.5'. The radial distributions of normalized axial 
velocity, U/Oi , axial turbulence intensity, u'/Oi' and 
.-----=-~!'.----- ~----
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radial turbulence intensity, v'/U1 , obtained at all six 
measurement stations, are uniform. No cross-flow (V • 0) 
or anomalous behavior of the turbuler.ce was noticed, as 
expected (see Figures 37 and 39 of Loehrke and Nagib, 
1972). These reference profiles appear in dotted lines 
in Figures 30 to 39 for the axial traverses, and Figures 
40 to 69 for the radial traverses. 
Axial Surveys 
In this section, axial measurements, recorded at two 
radial positions for all test flow conditions, are 
examined. The streamwise and radial velocities and their 
corresponding root-mean-square values are normalized by 
the streamwise velocity at the inlet of the contraction 
(iJ1,. These velocity quantities are plotted against the 
axial measurement locations, x/L, where L is the length 
of the contraction. The on-center isolated disturbances 
(i.e., flow conditions lA' and 2A') are shown in Figures 
36 to 39. Five groups of two consecutive figures 
(starting from Figures 30 to 39) illustrate five flow 
conditions at two radial locations along the streamwise 
direction. Therefore, it is possible to compare the 
turbulence decay for various types of isolated 
disturbances at a certain radial location. 
On the left top corner of Figures 30 and 31, one 
notices that the mean velocity increases monotonically 
through the contraction. These curves show that the 
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stream starts to contract before the solid wall does and 
that it overshoots Blight1y at the outlet. Bence, the 
behavior of this contraction is in agreement with 
Marion-Moulin (1982) and Tan-atichat (1980). 
The on-axis measurements of on-center isolated 
disturbances, i.e., test flow conditions lA, 2A and 3A 
shown in Figures 30, 32 and 34, display some decays of 
turbulence intensities. Pigures 31, 33 ar.d 35 exhibit 
the off-axis data for test flow conditions lA, 2A and 3A, 
respectively. However, the longitudinal and radial 
turbulence intensities remain constant and start to 
increase at two-thirds and one-third of the contraction 
length for the two former disturbance cases and the later 
case, respectively. The off-center isolated disturbances 
i.e., test flow conditions lA' and 2A', shown in Figures 
36 to 39, do not reveal much information for the on-axis 
measurements. It appears to be a diff.cult task to 
record any off-axis data and obtain meaningful 
interpretation (see Marion-Moulin (1982) and Tan-atichat 
(1980)). 
Lateral Surveys 
LBteral measurements, recorded at six axial 
locations with isolated disturbances, both on-center and 
off-center, are discussed in this section. The 
streamwise and transverse profiles of the two components 
of mean and fluctuating velocities are normpli2ed by the 
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local mean velocity, U(x). ~h. radial distances are 
nondimensionalized by the local radius of the contraction 
to accentuate the flow contraction. Plots of the 
norm,.lized velocity quantities versus the normalized 
radial distance are shown in Figures 40 to 57 for the 
on-axis isolated disturbances and Figures 58 to 69 for 
the off-axis cases. ~he horizontal axes across the top 
of the graphs are the normalized radial distance of the 
straight duct and those across the bottom of the graphs 
represent the normalized radial distance of the 
contraction. Sir:.-::e there are five test flow conditions 
investigated, each group of six figures, starting from 
Figure 40 to Figure 69, pertaining to a given test 
condition, corresponds to six different measurement 
stations. Hence, the reader can observe the evolution of 
the velocity profiles in the test section by flipping 
through a sequence of six graphs. 
One can notice that all the quantities have a higher 
value for the uniform-duct cases compared to the 
contraction cases. ~his observation implies that the 
contraction does suppress the streamwise and transverse 
mean velocity defects associated with the disturbances, 
as well as the turbulence intensity. More discussion on 
the effects of contraction on isolated disturbances is 
presented in Chapter VII. 
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CHAP'l'SR VII 
DISCUSSION 
The results from the preliminary and final .tages of 
this investigation, aa well •• from the first and second 
phases of the study, are presented separately in Chapters 
III, IV and VI. In this Chapter, integration of the 
findings from these results is achieved through 
discussion of the various important ingredients of the 
problem in order to draw the conclusions summarized in 
the next chapter. 
Intak~ Geometry 
From the various experiments one finds several 
consistent patterns. The flight-type inlet tends to 
encourage flow separation at the lip. Thick boundary 
layers near the walls can be decreased by placing a plane 
honeycomb downstream of the inlet. However, a 
hemispherical-type honeycomb upstream of the inlet does 
not Correct such a phenomenorl since the flow separation 
occurs after the inflow control device. 
The boundary layer of the fan duct can be minimized 
and incipient separation prevented by altering the 
geometry of the fan intake. All the bellmouth-type 
inlets (i.e. Bh, Bm and Co) have demonstrated such 
ability. The extended setup of the fan inlets appears to 
provide a velocity field near the inlet slightly better 
than a flush mounted case. 
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In any case, inlet design for atatic testing 
i facilities, where no forward velocity ia pre.ent can be 
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" carried out in a straight-forward manner using potential 
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flow theory with boundary layer corrections, incl,uding 
some separation criterion. Such codes are now avdlable 
and used in industry to decign many internal flow 
problems, e.g., rotating machinary intakes or wind-tunnel 
contractions. Simple empirical approaches can even be 
used in many cases. Anyway, it appears quite obvious 
that flight-inlet configurations should be avoided in 
ground-testing faCilities. In fact, proper modeling of 
the ducted fan flow is being violated from the fluid 
mechanics point of view when they are used. 
Surface Vorticity Sources 
By having entire control on the incoming flow 
condition ahead of the fan inlet in the low-disturbance 
chamber No.2, it was possible to establish a ·clean 
flow" reference condition. However, stretched streamwise 
vortices are observed whenever a surface is introduced in 
the vicinity of the inlet. As illustrated in many sample 
photographs in Chapter IV, the distance between the 
surface and the inlet is proportional to the intensity of 
the vortex. One of the effective means to control the 
undesirable flow ~onditions is to minimize the number of 
obstacles and surfaces upstream of the fan inlet. Such 
I" obstacles include any structures, large surfaces, even 
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the experimentaters. The study suggests that a plane 
honeycomb installed downstream of the inlet is more 
effective in removing the intense 1.lngitudina1 vorticity 
and high-level disturbances than the external control 
devices, at least at the present low Reynolds numbers of 
operation. 
As it is pointed out several times in earlier 
chapters, all surfaces near this sink-like flow field may 
act as sources of vorticity. These surfaces include the 
ftground ft , the chamber walls, laboratory walls, 
neighboring bUildings in outdoor test facilities, and the 
outside surfaces of the fan and its test stand. 
Recently, De Siervi et a1. (1982) concluded that two 
mechanisms are responsible for inlet-vortex formation: 
the amplification of ambient vortivity as the vortex 
lines are stretched and drawn into the inlet, and in an 
upstream irrotationa1 flow for an inlet in cross wind, a 
vortex is developed due to the variation of circulation 
(or lift) along the axial length of the inlet. They 
claim that these two mechanisms are substantially 
different and that the latter had not been recognized 
before. They suggest that the inlet and its potential 
image on the ground develop this vortex during the 
startup process. They do not explain sources of ambient 
vorticity other than the ground boundary layer developed 
by the approaching mean flow. 
De Siervi et al. (1982) proceed to state "In this 
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second mechanism of vortex formation, ambient vorticity 
does not play ft role. The vorticity in the core of the 
vortices is produced initially by the action of viscosity 
in the boundary layers on the outer surfaces of the 
inlet. Once the vortex is formed, however, there is no 
10nger any vorticity convected into the core, the 
vorticity needed to maintain this is produced by the 
extension of the vortex filaments in the core. Thus the 
presence of a ground bnqndary layer (or Ambient 
vorticity) is not necessary for the formation of an inlet 
vortex. D 
We believe that in practical applications, some 
vorticity from the surfaces of the inlet may continue to 
convect into the core of the vortex. In any case, for 
our application, pure and steady cross flow is not the 
most likely operating condition. It is therefore 
preferable to think in t,erms of all surfaces near the 
aerodynamic inlet as sources of vorticity. This 
vorticity is generated and convected away from these 
surfaces by the mean flow established by the sink-like 
action of the fan setup. 
Both in outdoor and indoor test facilities. without 
substantial forward speed, the flow external to the sink 
is very slow compared to the inlet flow and often slowly 
unsteady. The outdoor wind direction and the flow 
patterns and direction inside a chamber are rarely 
steady. Wherever the vorticity is generated from surface 
so 
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OF POOR QUALn"I 
sourcee, it is convected and the vertex lines pile up as 
demonstrated by Figure 11 of De Biervi at al. (1982). 
The lower branch of the vortex loop is alwaiB more 
concentrated ana stronger. This is why it can be easily 
identified and mislabelled the -ground- vortex. The 
presence of a separate boundary layer on the ground due 
to wind, i.e., the atmospheric surface layer is not an 
essential ingredient to this mechanism as has been 
incorrectly proposed many times. In fact, VI! bave been 
able to record both le~s of the same vortex loop, with 
their opposite sense of rotation, in several photographs 
like those of Fi~ure 22. The two simultaneous views 
provide us with the adequate information to .ake this 
conclusion. It is also important to recognize, as we 
have from many such photoglaphs, that the coexiste~ce of 
several such vortex loops is often the case because of 
the several surfaces of different orientations available 
as sources of vorticity. 
Appreciating this major mechanism for the introducton 
of the most undesirable element into the flow field of 
the fan, one may try to select the type of flow 
manipulators required. With the external flow control 
devices used most often in this application, the 
development of these vortices from the mean flow and the 
mean vorticity field is not inhibited. At best, the 
evolution of such vortices is slightly modified by the 
inflow control device where a substantial part of the 
,,' v 1, " 
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contraction of the flow is achieved fre~ly downstream of 
it. 
The only inlet wh1ch prevents and controls this most 
important mechanism is the one which bas a controlled and 
confined slight contraction (say 411) of the stream past 
the flow manipulators. We recognize the severe 
limitation of such an arrangement from the poi~t of view 
of the radiated sound field. As Nagib pointed out 
(Chestnut, 1982), the best design for static testing of 
jet engines is likely to be a compromise for both the 
acoustic as well as the fluid dynamics modeling, i.e., a 
desi.;;n optililization approach. 
Isolated Disturbances 
Isolated disturbances such as cylindrical wakes, 
introduced upstream of a fan inlet were also 
investigated, Depending on the inlet geometries, 
djmensions of the cylinder and fan duct, flow distortions 
can develop into either a stretched longitudinal vortex 
or other complicated flow modules. Plane boneycombs with 
proper mesh size arranged at an optimal distance 
downstrearn of the fan inlet can suppress s!.Ich flow 
disturbances. 
External inflow control devie,as can also contribute 
to their suppression. However, one must realize that, 
becuase of the difference in flow velocity, tbe int3rnal 
manipulators are likely to work more effectively when the 
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same type of manipulator is used, e.g., honeycomb of 
similar meah. As was given in the flow management 
recipes of Loehrke and Nagib (1972), different 
manipulators are more efficient for the control of mean 
flow nonuniformities, as compared to those used for 
turbulence management. The bulk of the inflow control 
devices that have been used, including the ones tested in 
this investigation, are of the honeycomb type and are 
ineffective in reducing ~uch isolated disturbances. 
It is therefore obvious that for future applications 
when localized mean flow nonuniformities, such as wakes, 
jets, and separated shear layers, are likely to exist, 
the design of the flow manipulators must account for 
them. As outlined in the proceedings edited by Chestnut 
(1982), some recent improvement in inflow control device 
performance was achleved by the introduction of grid (or 
perforated-plate) like manipulators ahead of the 
honeycomb. The most important ingredients tu satisfy 
euch an isolated disturbances manipulator are highlighted 
by Tan-atichat et al. (1992) and Loehrke and Nagib 
(1972). The solidity has to ~a no more than 0.40 and the 
mesh Reynolds numher to be .ufficiently large (more 
than 10,000) to 1-.' !. homogeneous turbulence that can 
mix the flow and dissipate the nonuniformitier.. Some of 
the uniformization is of course achieved by the pressure 
drop provided by th~ less than 0.40 and larger than 0.30 
solidity. 
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In the second phase of the invelti9~tl". 
quantitative measurements on varioul cases of such 
isolated disturbances, including an already developed 
concentrated streamwise vortex wal carried out through a 
finite ratio contraction. The discussion of those 
results follows. 
Effects of Contraction on Isolated Disturbances 
The contraction used in the velocity measurements 
'\ has a matched-cubic contour MC4, with an area ratio of 
four to one and a length-to-inlet-diameter ratio eQ-"al tf) 
unity. Effects of this contraction on various types of 
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holated disturbances are studied and the results are 
cumpared ~;ith a uniform duct in order to separate the 
eifects due to stream contraction. Two- and 
three-dimensional wakes, developing along and off the 
centerline, as well as a concentrated streamwise vortex 
on the Rxis represent the five disturbances used here. 
The detailed measurements are presented in Chapter 
VI. Here, the summary of the results is condensed in 
Figures 70 to 72. Figure 70 is a plot of the normalized 
mean and transverse velocity deficits versus the 
normalized distance along the contraction. All three 
types of isolated disturbances (cylindrical wake, 
spherical wake and longitudinal vortex) are suppressed 
through the contraction. This is true for both on-center 
and off-center data. Normalized mean and transverse 
~ . ,-
, I 
! I 
," 
; i 
, I 
:~ 
""r,,""'·'''' . -"-'" "'..7'$"''''~~~''''ii'''";''''''''"'''''''''':"'"'''I.<'''''' ... ,~.J-''''''~=~' '=" ,_~,~,~,,=,,~, ~~~~_I /] 
f 
o 
velocity fluctuation are plotted against the normalized 
distance along the contraction in Figure 71. All 
cylindrical and spherical wakes arb suppressed through a 
contraction. However, the ratio of the longitudinal 
vortex transverse velocity fluctuation in a contraction 
to that in a uniform duct is unity. In other words, the 
contraction has no effect on the transverse velocity 
fluctuations of the longitudinal vortex. 
The above two figures suggest that isolated 
disturbances, except for the longitudinal vorticity and 
its tranverse fluctuations, are suppressed by even a mild 
contraction. It appears,. therefore, that the main 
mechanism of the amplification of the various 
disturbances in a contracting stream must depend on the 
potenti&l tilting and accumUlation of the vortex lines 
associated with these disturbances, and their streamwise 
stretching into the contraction as loops. This can be 
highlighted by the ne' .ure. 
Figure 72 shows the 1,· rmalized characteristic length 
scales based on mean and radiaJ velocity fluctuations. 
Generally speaking, these quantities decrease with the 
geometric scale of the contractic)Il. While the integral 
scales ('If the turbulem:e increase through a contraction 
(for more J~tails, see Tan-atichat (1980), Marion (1982), 
and Marion-Moulin (1982), all isolated disturbances 
representing nonhomogeneity in the flow are squeezed by 
the contraction. (The integral scale data shown here are 
,".' . "-.-" 
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reproduced from Marion-Moulin (1982) for the same flow 
!, condition through the same contraction). The shrinking 
! 
, " 
ill I , 
, ' 
Ci , 
i, 
I' 
I, 
1/ , ' 
of the transverse Scales of the isolated disturbances 
leads to the concentration of vorticity and the 
development of longitudinal vortices through the 
tilting, thereby contributing to the blade-passing 
frequency generation. 
Figure 72 presents clear evidence that atmospheric 
turbulence or any homogeneous or semi homogeneous 
turbulent field ahead of a contraction cannot lead to the 
development of the undesirable long concentrated vortica1 
structures. The integral and other characteristic sca!es 
of such turbulence increase not only in the streamwise 
direction but also in the transverse direc~ion, see 
Marion-Moulin (1982) for more detailS. This completely 
refutes the mechanism based on atmospheric turbulence 
originally proposed by Hanson (1977). 
Comparison of V.uious Types of Isolated Disturbances 
Three types of isolated disturbances were 
investigated: cylindrical wake, spherical w~ke and 
longitudinal vortex. The relatiVe velocity deficits for 
the cylindrical wake are the lowest. Figure 70 shows 
also that the spherical wake has lower relative velocity 
deficits t.han the longitudinal vortex. On the other 
hand, the cylindrical wake has higher relative velocity 
fluctuation than the spherical one' (see Figure 71). The 
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longi~udinal vortex has the highest relative velocity 
fluct~lations. From Figure 72, the characteristic length 
scales for the cylindrical wake seem to be larger than 
those for the spherical wakt:. However, the 
characteristic length scales for the longitudinal vortex 
do not show a definite trend. The above observation can 
be due to the fact that the cylindrical wake is 
two-dimensional and the spherical wake is 
three-dimensional. The two-dimensional wake, where the 
vortex lines are all aligned in one transverse direction. 
has lower velocity deficits, higher velocity fluctuations 
and larger characteristic length scales than the 
three-dimensional one. 
Correlation Between On-Axis and Off-Axis Data 
When comparing the velocity defiCits, velocity 
fluctuation and the characteristic length scales, the 
on-center data usually has a higher value than the 
off-center ca~es. It is important to compare the 
characteristic length scales for the isolated 
disturbances and the homogenous disturballces (see Figure 
72) undergoing the same contraction. The characteristic 
scales of the isolated disturbances decrease along the 
geometric scale of the contraction, while that for the 
grid-generated turbulence increase. 
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CBAP'rJ:;R VIII 
CONCLOSIONS 
The conclusions have been reached by a thorough and 
systematic ~eview of the results presented in the 
previous chaptets, as well as a large volume of flow 
visualization data not included here for lack of space. 
Some recommendations concerning the design of better 
static-test facilities are made along with the' 
conclusions. The objectives of this investigation are to 
identify. and possibly develop methods for effective 
control, of t.he various sources of disturbances present 
in static jet-engine test facilities. The second phase 
of the study included the additional objective of 
analyzing the behavior of isolated disturbances through a 
finite axisymmetric contraction. The interrelation 
between these two aspects is' highlighted in the 
following. 
In view of the preliminary results presented in 
Chapter III, as well as the final visualization study 
described in Chapter IV, it is quite claar that the inlet 
design plays a very important role in the quality of the 
flow inside the fan duct. It j.s not surprising that a 
geometrical similarity principle does not hold in the 
design of inlets for static testing of jet engines. The 
primary difference between static and in-flight 
conditions resides 1n the drastic change in the 
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streamline patterns approaching the inlet in flight 
conditions from those encountered in static-test stands. 
The differences be~ween the two Casas render the 
flight-type inlet, which wau designed for flight 
conditions, unsuitable for static ground testing. In 
fact, the visualization records clearly illustrate that 
the flight-type inlet leads to incipient flow separation 
resulting in thick boundary layers inside the fan duct. 
This may partly explain why noise measurements in the far 
field of the jet in static ground tests still exhibit 
anomalous differences from fly-over data, despite the use 
of flQW manipulators upstream of the inlet. The 
efficiency of such manipulators in ·cleaningft the flow 
cannot be blamed for this effect because thick turbulent 
boundary layers are created by the unsteady 
separation/reattachment flow module at the inlet, past 
the point of action of the manipulators. 
The various smooth bellmouth-type inlets used in 
this study proved themselves successful in controlling 
this problem. However, the large difference in velocity 
and Reynolds number between the present simulation and 
actual test facilities does not guarantee that the 
present design is an opti~um one. A complete potential 
flow calculation, matched with a good boundary l~yer code 
with an empirical separation criterion, would have to b~ 
carried out to determine the external flow field. 
All of the manipulators tested in this study are 
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reasonably effective in suppressing most of the 
artificially introduced disturbances. ~heir efficiency 
in ·cleaning" the flow is found rather insensitive to 
their position ahead of ~he fan. However, enough 
distance has to be allowed between them and the fan for 
the turbulence they generate to decay to a low enough 
level. ~his distance will vary with the mesh size and to 
a lesser degree with ~he velocity of the flow. Hence, no 
specific values can be recommended from the present study 
due to the difference in Reynolds number between the 
experiment and the actual case. However, Loehrke and 
Nagib (1972,1976), Tan-atichat et ale (1982), Marion 
(1982) and Ahmed et ale (1976) provide ample information 
for these design criteria. 
It is worthwhile pointing out that the 
hemispherical honeycomb-type inflow control device is not 
totally effective in suppressing the highest intensity 
disturbances used here. ~his fact highlights one of the 
key factors related to the design of flow control 
devices. The disturbance suppression is obtained at the 
expense of a pressure drop across the device, i.e., the 
local velocity. The design of a flow manipulator is a 
compromise between flow quality and pressure drop 
arguments. The precise knowledge of the type of 
disturbances, as well as their behavior in the flow of an 
inl~t, can lead to a more appropriate design of the 
inflow control device. 
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Baaed on the result. of Chapter. IV and VI and the 
discussion of Chapter VII, it i. concluded that the main 
tw~ mechanisms for the development of the most 
undesirable flow module for the generation of the 
blade-passing frequency, i.e., the long slender vortical 
disturbances appearing -randomly· in time and space in 
the fan dOlCt, arel 
1) The generation and convection of the 
vorticity from the many surfaces 
surrounding the sink-like flow of the 
inlet, including the external surface 
of the fan housing. 
1) The convection of vorticity from isolated 
disturbances into the inlet of the duct. 
Both of these SQurces of vorticity lead to the 
undesirable flow module through the tilting and piling-up 
of vortiCity lines just upstream of an inlet due to the 
action of the mean flow, i.e., the potential contraction 
of the stream. These eoncentrated vortex lines develop 
into vortex loops inside the duct. as pointed out in 
Chapter VII, with the -lower- branch being more intense. 
The isolated disturbances appear to contribute only 
through the tilting mechanism, and the subsequent 
amplification of the streamwise vorticity and the 
shrinking of its lateral characteristic scale. 
These mechanisms are particularly acute and 
aggravated when the contraction is achieved freely 
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downstream of the inflow oontrol devioe or in its 
absence. Such free and rapid oontraotion of the stream 
is extremely sensitive to small external disturbanoes 
that lead to its unsteadiness, i.e., oausing it to appear 
"randomly" in time and spaoe inside the duot. 
A detailod disoussion whioh leads to this 
oonolusion j 3 oontained in Chapter VII. When a amtrollcd 
and confined contraotion of the stream is introduoed 
downstream of the inflow control devioe, suoh as in the 
cases of the large bellmouth-type inlet, it is possible 
to suppress the most undesirable flow modules 
substantially. Even a smaller area ratio confined 
contraction of two to one downstream of the inflow 
control device is likely to achieve the desired effect. 
While we recognise the problems with the acoustic 
modeling of such an arrangment, it is obviously a closer 
modeling from the fluid mechanics point of view. In any 
case, the results completely refute the mechanism based 
on atmospheric turbulenoe originnlly proposed by Hanson 
(1977). 
In summary, the results of this study, t~ough 
obtained 3t low velocity, are considered qualitatively 
applicable, to more realistic conditions. The 
identification ot the various flow modules, in particular 
the generalized surface vorticity Bouroes, is a key 
factor in understanding the environment surrounding the 
actual test facilities. The flight-type inlet should not 
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be used for static ground teste, in view of the 
undesirable flow separation associated with it. ~hd 
design of a bellmouth-type inlet is, therefore, strongly 
recommended. A compromise between the two main aspects 
of the problem, namely the acoustics and the fluid 
dynamics, is necessary. Acoustical compromises, such as 
the modification of the inlet geometry or the insertion 
of an inflow control device, may be accounted for 
properly. For example, a far-field calibration of the 
modified facility may be performed with a known sound 
source replacing the fan inside the engine assembly. An 
approach incorporating the various suggestions made here 
may lead to a significant improvement in the quality of 
the results obtained in static ground tests. 
.1. 
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APPENDIX A 
DESIGN AND CONSTRUCTION OF FAN INLETS 
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DESIGN AND CONSTRUCTION OP PAN INLETS 
Several ducted-fan inlets are used in the present 
inveetigation. A brief description of their design ie 
given in the following parts. Earlier chapters detail 
how these inlets were used in the pluametdcl tests. 
Plight-Type Inlet, Po 
This inlet is a scaled-down version of tho JDT-1S 
jet engine inlet tested at NABA Le~is Research Center. 
The scaling ratio is 1.4 to 1. It consists of a straight 
duct on which a blunt edge of constant radius equal to 
1.52 cm was glued. A flange is attached to the other end 
to allow easy handling and assembling to the rest of the 
facility. The whole ase~mb1y is made out of plexiglasD. 
The inlet is shown schematically in Pigure 73. Also 
included on that figure are thP. various dimensions of the 
lIT model and the NABA JOT-1S inlet. 
Small Bellmouth-Type Inlets, Bh and Bm 
These two inlets differ from each other by the type 
of edge. aBha has a sharp edge and aBmB is a modified 
version on which a smooth lip section has been attached. 
The common part to b~th inlets is shaped like a horn spun 
out of sheet metal. A flange is secured to one end for 
e&sy assembly to the rest of the facility. 
The smooth lip attached to the modified version, Bm, 
consists of a wooden ring machined to a proper profi~e. 
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This ring is glued to the bltclt tlf the lip. The jOint 
betwe~n the wood and the metal was filled wit~ body 
filler and sanded smooth. SChe~atics of both small 
beHmouth-type inleta are given in Pigure 74, she,: .. ng the 
various dimensions. 
Large Be1lmouth-Type Inlet, Co 
This inlet consists of threo components assembled 
together: a large bellmouth, a straight duct and a 
contraction. The schematic of all three parts is given 
in Figure 75, along with tne design specifications. An 
assembly drawing is gi "en in Fisure 76. 
The bellmouth part was machined out of styrofoam. 
Its profile is a combination of two ellipses. Each of 
the ellipses has a major to minor axis ratio of 1.5. The 
minor axis of the latger of the two ellipses (outer) 
matches the major axis r,f the smaller (inner) one. The 
surface of the styrofoam was coated uith epoxy resin to 
provide a smooth surface and prevent accidental clipping 
of the styrofoam. All striations and co(rugations were 
filled with polyester tiller (body filler), sanded smooth 
and recoated with expoxy. Finally, the bellmouth was 
sprayed with matt-black paint to provide a dark 
background for tha visualization study. A wooden backing 
and studs were glued to the back of the bellmouth to 
facilitate its assembly to the rest of the facility. 
The center portion of the inlet is a 15 cm diameter 
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"'lht duct with flanges at both enas. It provides 
adequate space for bousing various types of flow 
manipulaton. 
The contraction part wa. fabricated using the same 
material. and techniques as the large bellmouth. A 
fifth-order polynomial profile wal cbosen based on the 
work of Tan-atichat (1980). To aad rigidity to the 
a.sembly, eight equally spaced ribs are secured around 
the outer circumference of the contraction. Planges and 
studs were also glued to both ends. The contraction 
gradually reduces the large diameter of the bellmouth to 
the standard diameter of the other inlets and the fan 
duct. 
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APPENDIX B 
ADJUSTMENT OF THE VORTEX GENERATOR 
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ADJUSTMENT OF THE VORTEX GENERATOR 
The airfoil vortex generator has been used in the 
past by several experimenters to produce controlled 
longitudinal vortex disturbances. It is always a good 
practice to adjust such a device against some reference 
conditions before using it. The proc~dure is described 
in this appendix. 
It is necessary to determine tbe actual reading on 
the dial and vernier corresponding to the zero angle of 
attack of the airfoils. In this exercise, the airfoils 
were pitched as a single wing inside the test section. 
If the initial nominal setting is truly zero, the 
mean-velocity profile in the wake of the airfoil must be 
symmetric. Positioning a hot-wire probe about 25.4 mm 
downstream of the airfoilB trailing edge, the velocity 
profile was mapped. Although the velocity profiles are 
not shown here, they suggested that .', ,unet.cic profile 
lies between 2.0 and 2.5 degrees nominel setting. Ahmed 
et al. (1976) showed that this method of determining the 
zero angle of attack is not sensitive to any angle 
changes less than 0.04 degrees. However, further trials 
indicated that there was an offset between the dial 
readings of the two airfoil parts. Finally, the zero 
angles of attack for the top and bottom airfoil were 
found to be a reading of 1.8 and 2.2 degrees, 
respectiv<'lly. 
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According to Ahmed et al. (1976), the behavior of 
the trailing vortex varies with the combination of the 
half-angle, a, and the free-stream velocity. In order to 
establish a satisfactory test condition, i.e., 3A, an 
x-wire probe ~,as placed 1.27 cm downstream of the 
trailing edge of the airfoil to surv~y the velocity 
profiles for different half-angles. Prior to each 
survey, the above-mentioned basic procedure in checking 
for symmetry was repeated. Once the desired angle was 
set, two transverse measurements ,~ere recorded both at 
x/L = 0.24 and X/L = 1.33 inside the straight duct. The 
Q~tempts fur 8 and 12 degrees suggested an intermediate 
angl~ may serve as a good test condition that would 
permit measurement of the half width of the velocity 
profiles through the contraction. Hence, a half-acc,'!0, 
a, of 10 degrees was the final choicl 
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